Soil water movement is a critical consideration for crop yield in straw-integrated fields. This study used an indoor soil column experiment to determine soil infiltration and evaporation characteristics in three forms of direct straw-integrated soils (straw mulching, straw mixing and straw inter-layering).
INTRODUCTION
With severe droughts and water shortages around the globe, it is ever more urgent to develop efficient methods of rainfall utilization (Starke et al. ; Yuan et al. ) . Such methods should generally enhance soil water storage while at the same time limiting crop water uptake by regulating nonproductive farm evaporation (Li et al. ; Liu et al. ) . This option could form the basis of future modes of preventing agricultural water crisis especially in the water-scarce regions across the globe (Moreno et al. ; Franzluebbers ; Fuentes et al. ; Zhai et al. ) .
As an important soil fertility improvement measure, integrating straw into soils is an increasingly used agronomic practice around the world (Chang & Horton ; Douglas & Rickman ; Ji & Unger ) . In China, various straw integration, soil fertilization, water allocation, deep cultivation and conservation tillage techniques are demonstrated to have significant impacts on soil water storage and crop yield (Shen et al. ; Han et al. ; Moiwo et al. ) . Similarly, different direct straw integration methods have different effects on soil water storage and soil fertility (Chen et al. ; Cao et al. ) . In particular, the changes in soil physical and chemical properties, and thus soil water-saving processes, under different straw integration modes are not entirely clear (Han et al. ) .
The objective of this study was to clarify further the effects of mulching on soil water-saving potential. The processes of infiltration and soil evaporation following a rainfall event are investigated under three direct straw integration methods (straw mulching, straw mixing and straw inter-layering) in an indoor soil column experiment. Here, straw mulching is defined as covering the land surface with straw. Straw mixing is incorporating straw into the top 10 cm surface soil. Then straw inter-layering is placing straw at the 20 cm soil depth. The findings of the study could lay the basis for developing strategies that enhance soil fertility and rainfall use efficiency. These could not only mitigate the effects of droughts and water shortages on crop production, but also guarantee food security for the rapidly increasing global population.
MATERIALS AND METHODS

Experimentation site
The experiment was conducted at the Taihang Mountain Eco-experimental Station of Chinese Academy of Sciences. The station is located in the Niu Village drainage basin, southwest of Shijiazhuang City in Hebei Province. This third-tier basin is in the upstream region of Hai River basin, which is part of the North China Plain. The station is ≈50 km from Shijiazhuang City and ≈300 km from Beijing City. Its geographic coordinates are 114 W 15 0 50″ east and 37 W 52 0 44″ north, and it lies at an altitude of ≈350 m above mean sea level (Han et al. ) . The climate is that of semi-arid continental monsoon, with a mean annual temperature of 13 W C and precipitation of 560 mm (Han et al. ) . Mean annual evapotranspiration could be as high as 1,200 mm in irrigated lands of the region (Moiwo et al. ) . This area is the zone of convergence of the east-west moisture gradient and the north-south thermal gradient. It is therefore representative of regional hydro-geological and climatic conditions (Han et al. ) and provides the right environment for analyzing the effects of mulching on soil water-saving potential.
Experimental design
The infiltration measuring system consisted of four main componentssoil column, constant pressure unit, water supply tank and auto-recorder ( Figure 1 ).
The experimental soil column consisted of a tubular plexi-glass 25 cm in diameter and 50 cm in height. The bottom of the soil column was lined with a quartz-sand inverted filter and the column was fitted with a water inlet and outlet at the upper and bottom ends, respectively ( Figure 1) . The inlet and outlet were 2 cm from the top and bottom ends of the column, respectively. The experiment was set in three treatments and one control. The treatments were surface cover straw (straw mulching), straw mixed with the top 10 cm surface soil (straw mixing) and straw buried at 20 cm soil depth (straw inter-layering). While equal amounts of straw were used in the treatments, the control experiment was not treated with straw (Table 1) . Further details of the experiment are given in Table 1 .
Experimental method
The constant water-head method was used to measure soil infiltration in the experiment. After assembling the soil column, the height was adjusted to a unified constant pressure such that the water level was higher than the column inlet. The infiltration test was then initiated and the temperature and water height recorders adjusted. The recorder (HOBO U20-001-01) is manufactured by the ONSET Company in the USA. It indirectly measures soil column infiltration rate from water-level fluctuations in supply tanks at pre-set time intervals. Its principle is based on water balance in the soil column and supply tank as follows:
(1) where v is infiltration rate (mm/min); t is pre-set time step (min); H t1 is supply tank water level at start time (mm); H t2 is supply tank water level at end time (mm); ΔH is supply tank water level amplitude (mm); S 1 is supply tank crosssection area (cm 2 ); and S 2 is soil column cross-section area (cm 2 ). Using Equation (1), soil infiltration rate can be calculated for different time steps. The measurement of soil evaporation was based on the direct weight method. At 08:30 every morning, the weight of the soil column was measured and converted into moisture content. At the end of the evaporation process, the soil sample was stratified and the soil moisture content measured after drying using the direct weight method.
Statistical analysis
The SPSS (Statistical Package for Social Sciences) software was used in the statistical analysis. The between-treatment effects were tested via the paired-sample t-Tests on the mean values of the control and straw integration (straw mulching, straw mixing and straw inter-layering) treatments for soil infiltration, evaporation and moisture at p < 0.05. Further analysis shows that average errors/biases in the data records are less than 10%. The details of the betweentreatment effect tests are given in Table 2 .
RESULTS AND DISCUSSION
Soil infiltration
Figure 2 shows infiltration curves for the different soil column treatments. The infiltration rates at the start and the first 20 min into the straw mulching and straw mixing treatments were significantly higher than the control. However, the curve for straw inter-layering treatment is not distinctly different from that of the control. Under the three straw integration treatments, total infiltration capacity in the first 30 min was 66.13 mm for straw mulching, 81.16 mm for straw mixing and 42.43 mm for straw inter-layering. This is respectively 1.53, 1.88 and 0.98 times that of the control.
As shown in Table 3 , the times it takes for infiltration water to penetrate the soil columns under the straw mulching, straw mixing and straw inter-layering treatments were 126, 102 and 193 min, respectively. These are respectively 
Soil water evaporation
As shown in Figure 3 , straw mulching had the highest soil moisture retention. This process is followed by straw mixing, and straw inter-layering had the lowest soil moisture retention. It is inferred from the soil moisture trends in Figure 3 that soil evaporation was lowest under straw mulching, followed by straw mixing and then straw interlayering. It is important to note that straw inter-layering influenced soil water evaporation most in the later stages of the mulching treatments. Mulching by straw inter-layering limited deep soil moisture evaporation. Total soil column evaporations under the integration treatments of straw mulching, straw mixing and straw inter-layering in the first 30 days were 17.99, 56.84 and 59.39 mm, respectively. These are respectively 0.24, 0.75 and 0.79 times that of the control. Also in terms of evaporation, significant correlations (with R 2 range of 0.78-0.89) exist among the soil treatments (including the control).
The effect of straw integration on soil water evaporation was further explored by analyzing the vertical trends in soil moisture in the 0-50 cm soil layer under the different treatments after 30 days of continuous evaporation (Figure 4) . The moisture content of the upper soil layer under straw inter-layering was close to that of the control. However, the moisture content of the bottom soil layer under straw interlayering was significantly (p < 0.01) higher than the control. This was particularly the case for the moisture column below the 40 cm soil depth, which was similar to that of straw mulching. In terms of deep soil water evaporation, the curves in Figure 4 suggest that straw inter-layering and straw mulching have similar effects on soil evaporation.
CONCLUSIONS
As a soil fertility enhancing measure, straw integration into agricultural soils is a common agronomic practice in China and beyond. Generally, however, crop yield enhancements under different straw integration methods can be vastly different. In particular, the effects of direct straw integration This study sheds further light on the process of infiltration and water retention using different straw integration techniques.
In terms of enhancing soil infiltration, straw mixing yielded the best results. This process was followed by straw mulching and then straw inter-layering. Straw mixing made the top soil layer fluffy and porous, thereby enhancing infiltration. Due to the over-burden weight-compaction effect, however, straw inter-layering tended to retard soil infiltration.
In terms of reducing soil water evaporation, straw mulching presented the best effect. This was followed by straw mixing and then straw inter-layering. Soil mulching covers the entire soil system and limits direct interaction with the above-ground environment (including solar energy) and thereby limits evaporation. The effect of straw inter-layering on soil water evaporation was highest in the later stages of mulching treatments. This finding suggests that the over-burden weight-compaction effect of straw inter-layering limited evaporative consumption of deep soil moisture. It could therefore be an efficient mode for regulating crop transpirative water loss in cultivated agricultural fields.
In addition to regulating soil permeability via retarding soil infiltration at the 20 cm soil depth, straw inter-layering preserved soil organic matter utilization better than both straw mixing and straw mulching. Straw inter-layering could therefore facilitate crop nutrient utilization efficiency. Invariably, however, the study shows that straw integration promoted soil water availability and soil fertility in cultivated agricultural fields. 
